The dominant cytochrome in thiosulphate-grown Thiobacillus A2 was found to be of the c-type with a reduced or-band at 548 nm (c548). This c548 component did not constitute an integral part of the membrane carrier system. It did, however, appear to be part of a large complex not tightly bound to membranes. Reconstitution experiments showed that cytochromes of the membrane 'abc' system could be reduced by the c548 component and vice versa. The reduction of membrane cytochromes of either lithotrophic or organotrophic origin by thiosulphate electrons was achieved, but it required the presence of a soluble fraction containing cytochrome c548. Evidence tending to rule out a reductive cleavage as the first step of the thiosulphate oxidation pathway in ThiobaciIZus A2 was obtained by following the reduction of partially purified c548 particles under various conditions.
Chemical reduction of cytochromes in cell-free extracts The dithionite-reduced minus oxidized difference spectrum of a crude extract from lithotrophic cells (Fig. 1, trace A) was similar to that previously obtained with intact cells (Loya et al., 1982) . Based on peak location, the presence of a c-type cytochrome with an a-band at 548 nm (cytochrome c548), and of a cytochrome oxidase of the a-type with an a-band at 603 nm (cytochrome a603) was indicated. Following high-speed centrifugation (144000 g, 2 h) cytochrome c548 was found almost exclusively in the high-speed supernatant (Fig. 1, trace B) . In contrast, cytochrome oxidase was confined to the pellet (Fig. 1, trace C) . In the absence of the masking effect of cytochrome c548, two additional cytochromes were resolved in the pellet fraction on the basis of their a-bands: an apparent c-type cytochrome with an a-band at 550 nm (cytochrome csso), and an apparent b-type cytochrome with an a-band (a shoulder in the spectrum) around 560 nm (cytochrome bS6,, ; Fig. 1, trace C) . The membrane-associated cytochrome c5 50 represented about 16% of total cytochrome c content in lithotrophic cells (Table 1) .
The dithionite-reduced minus oxidized difference spectrum of a crude extract from organotrophic cells was markedly different from that of a corresponding preparation from lithotrophic cells. It did, however, resemble the spectrum of the lithotrophic membrane fraction. Based on specific absorbance at peak wavelength, the concentration of c-type cytochromes was 10-fold lower in succinate-grown cells than in thiosulphate-grown cells (Table 1) . Furthermore, the absorption maximum of the major c-type cytochrome in succinate-grown cells was 550 nm rather than 548 nm. Indeed, the major c-type cytochrome in succinate-grown cells was spectrally similar to the c-type cytochrome found in the pellet fraction of thiosulphate-grown cells. In addition to the absorption band at 550 nm observed in the reduced minus oxidized difference spectrum of crude extract from organotrophic cells, there were at least three additional reduced a-bands; at about 555 nm, 560 nm and 603 nm. The 560 nm band probably represents a b-type cytochrome, while the 603 nm band is the a-band of cytochrome oxidase. The 555 nm band could either be that of a long-wavelength c-type or a short-wavelength b-type cytochrome.
Of the total c-type cytochrome present in a crude extract from organotrophic cells (Fig. 2 , trace A) 90% appeared in the membrane fraction following high speed centrifugation (Fig. 2,  trace B ; Table 1 ). Qualitatively, the membrane fractions from lithotrophic ( Fig. 1, trace C ) and organotrophic cells (Fig. 2, trace B) resemble one another. Similarly, the soluble fraction from succinate-grown cells contained a component with spectral properties not unlike those of the lithotrophic c548 component (Fig. 2, trace C) . Nevertheless, in contrast to the lithotrophically grown bacteria, the amount of Cs48-like cytochrome in the organotrophic soluble fraction was small.
Substrate reduction of cytochromes in cell extracts
Sonication of lithotrophic cells resulted in drastic loss of their capacity to oxidize thiosulphate. The rate of thiosulphate-promoted oxygen consumption per mg cell protein was characteristically 600 nmol min-' prior to cell rupture, and only 1-3 nmol min-l after sonication. Nonetheless, it remained possible to follow thiosulphate-dependent reduction of cytochromes in cell-free extracts. The addition of thiosulphate to a crude lithotrophic extract resulted in reduction of both cytochrome c548 and cytochrome a603 (Fig. 3a) . Observed maximal reduction levels in each case (after 3 W O min) were at least 60 % of corresponding dithionite-reducible levels. Thiosulphate did not serve as a reductant of cytochromes associated with lithotrophic membranes in the absence of cytochrome c548 and/or other soluble components of thiosulphate-grown cells (Fig.  3 b) . Extensive reduction of cytochrome c548 by thiosulphate readily occurred in a preparation freed of membranes by high-speed centrifugation (Fig. 3 c) . Furthermore, electron flow from thiosulphate to cytochrome a603 was observed after reconstitution of the soluble and membrane Table 2 . Extent of cytochrome reduction by 20 mM-succinate in cell-free lithotrophic and organ0 t rophic preparations Data were derived from reduced minus oxidized spectra with dithionite or succinate as reductant. In the latter case, scans were repeated until peak absorbancies remained stable. organotrophic membranes lithotrophic membranes fraction ( Fig. 3 d) . Likewise, cytochrome a603 associated with organotrophic membranes was reduced by thiosulphate in the presence of cytochrome c 5 4 g and other soluble components of lithotrophic origin. Succinate proved to be almost as efficient a reductant of cytochromes as dithionite in both lithotrophic and organotrophic membranes ( Table 2 ). Extensive reduction of soluble cytochrome c548 by succinate was also obtained, but only in the presence of membrane-associated intermediates ( Table 2 ). The latter results confirm and extend earlier studies on succinate oxidation in cell-free extracts (Loya et al., 1982) .
Partial characterization of thiosulphate : cytochrome c oxidoreductase activity in membranedepleted preparations from lithotrophic cells The reduction of soluble cytochrome cs48 by thiosulphate in a membrane-depleted preparation lacking detectable amounts of other cytochromes obeyed Michaelis-Menten kinetics, and was subject to inhibition by even modest concentrations of atabrine (3 x M). Apparent K,,, and V,,, values calculated from initial (5 min) rates of reduction in the presence of various thiosulphate concentrations in oxygenated medium were essentially the same [about 20 mM and 1-3 nmol min-l (mg protein)-' respectively] as values derived under strictly anaerobic conditions (i.e. air evacuated and replaced by pure argon). Dialysis of the soluble fraction against 100 mmphosphate buffer at pH 7.0,4 "C, for 6 h neither enhanced nor inhibited the rate of cS4* reduction. Addition of various electron carriers, including NAD and crystalline cytochrome c, or electron donors such as reduced glutathione and reduced pyridine nucleotides did not affect reaction rates under either aerobic or anaerobic conditions.
Size resolution of soluble cytochromes by gel filtration
Passage of the soluble fraction from lithotrophic cells through a column of Sepharose 6B yielded four distinct peaks of material with absorbance at 280 nm (Fig. 4, A280) . In and just behind the void volume was material exceeding 1000 kDal in size (peak A). A second group of particles (peak B) eluted in the region where ribulose-l,5-biphosphate carboxylase and other large protein molecules were expected to emerge (Charles & White, 1976) . A third A280 band was detected in the 15-80 kDal region (peak C), whereas the fourth (and last) band to emerge (peak D) consisted of molecules of less than 15 kDal. Based on the A410, cytochromes were associated with all but the smallest particles (i.e. peak D) recovered from the column (Fig. 4) . The dithionite-reduced minus oxidized difference spectrum of pooled fractions from size region A (pool I) showed a-absorption maxima at 603 nm, 560 nm, and 550 nm; these fractions failed to accept thiosulphate electrons. These latter cytochromes are of little interest since they appear to be intimately associated with fragments of cell membranes which were not removed during preliminary high-speed centrifugation of the large-scale preparation. By contrast, pools of fraction containing A410 material from size regions B (pool 11) and C (pools 111, IV, V) were uniquely of the c-type of cytochrome and capable of undergoing reduction by thiosulphate to varying extents (Table 3 ). The percentage of thiosulphate-reducible soluble cytochromes appeared to increase with decreasing particle size and only particles less than about 50 kDal exhibited a-maxima at 548 nm (Fig. 4, Table 3 ). It Fig. 4 ), but did effect drastic changes in the elution of bulk A280 material. Similar results were obtained with anionic, cationic and other non-ionic detergents. Due to the relatively low concentrations of c-type cytochromes in the soluble fraction of organotrophically cultured cells, it was necessary to work with much higher inputs (196 mg extract protein) and a larger (3.5 x 95 cm) column in order to obtain a comparable sizeresolution profile. As before (Fig. 4) , cytochrome-containing membrane fragments eluted with and immediately behind the void volume. However, in contrast to the result obtained with the high-speed soluble fraction from lithotrophically grown cells, region B proteins did not constitute a distinct peak. Nor, based on the were cytochrome-containing particles detectable in this region of the chromatogram. In fact, all of the soluble cytochromes present in high-speed supernatants of organotrophic origin emerged in the C region (i.e. 15-80 kDal). Moreover, the aabsorption maximum of the proximal (i.e. largest) cytochrome-containing particles to elute in region C was at 556 nm, suggesting the possible presence of a soluble b-type cytochrome (Poole & Haddock, 1975) . Nevertheless, here too, the smallest cytochromes detected in the 40-15 kDal sub-region absorbed maximally at 548 nm and underwent extensive reduction by thiosulphate.
DISCUSSION
The present studies confirm previous conclusions reached on the basis of studies with intact cells (Loya et al., 1982) , namely that cytochromes of lithotrophically and organotrophically cultured Thiobacillus A2 differ mainly in that the former contain much larger amounts of soluble cytochrome c548. Furthermore, our data suggest that the cytochrome c548 carrier is not an integral protein of the membrane 'abc' system, but is part of either an independent complex (or complexes) not bound to membranes, or a peripheral complex weakly associated with the membrane system. In any case, reconstitution experiments indicated that membrane-bound cytochromes could be reduced by the c548 component and vice versa. Accordingly, electrons derived from thiosulphate must flow through cytochrome c548 in order to reduce the membrane 'abc' system. However, the growth history of the cells from which the membrane fraction was derived did not matter. Similarly, succinate-derived electrons were able to reduce c548 only in the presence of the membrane fraction. The implication for similar in vivo processes is obvious. Given that the redox potentials of the pertinent haem carriers have not yet been measured, it is difficult to sequence them. Nevertheless, it seems reasonable to conclude that cytochrome c548 mediates the electron flow from thiosulphate to oxygen for the purpose of energy generation, and is also a constituent of the system involved in reverse electron flow to NAD. Schemes basically similar to the one cited above have already been proposed in Thiobacillus neapolitanus (Saxena & Aleem, 1972) and T . novellus (Aleem, 1966) .
It was shown previously that lithotrophic cells of Thiobacillus A2N in the process of adapta-tion to growth on succinate fail to synthesize cytochrome c548 at a detectable level. However, in contrast to other constituents of the thiosulphate oxidation system, programmed destruction of cytochrome c548 does not occur during this process (Loya et al., 1982) . Taken together with our present demonstration of significant (albeit low) amounts of cytochrome c548 in cells cultured on succinate for many generations, the above findings suggest a possible role for this particular component in organotrophic metabolism in Thiobacillus A2. In this regard it may be significant to note that Silver & Kelly (1976) have reported the presence of sulphite :cytochrome c oxidoreductase activity in extracts of the same bacterium after pre-growth on an organic substrate (i.e. formate).
The CS4* cytochrome is apparently part of a macromolecular complex containing thiosulphate-oxidizing activity. Similar findings were reported in T. novellus where the purified thiosulphate-oxidizing system was found to be associated with membrane vesicles (Aleem, 1965; Oh & Suzuki, 1977a, b) . In Thiobacillus A2, on the other hand, the particles containing c-type cytochrome appeared to be devoid of major lipid content since detergents normally expected to release proteins from lipoprotein complexes (Helenius & Simons, 1975) and to disrupt proteinprotein interactions, failed to dissociate them into smaller subunits.
The partial inhibitory effect of atabrine on the thiosulphate oxidation process, together with apparent saturation kinetics of thiosulphate : cytochrome c548 oxidoreductase activity, suggest that non-haem carriers are located in the thiosulphate respiratory chain prior to cytochrome cs48 and are part of the complex. Also of interest was the fact that purified particles were capable of lithotrophic oxidation under anaerobic as well as aerobic conditions in the absence of additional electron sources. Assuming that the in uitro particles studied here are valid models for the situation in uiuo, these latter observations tend to rule out reductive cleavage (Peck, 1960; Peck & Fisher, 1962) as the first step of thiosulphate dissimilation in Thiobacillus A2. Conclusive elucidation of the sulphur oxidation pathway in Thiobacillus A2 will have to await development of a cell-free system capable of a high rate of terminal oxidation of thiosulphate.
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